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The dissolution of mineral fibers has been studied in simulated physiological fluids using a dynamic testing procedure. Fibers of different chemical
composition and obtained by different processes with a mean diameter of about 1 um, have been characterized with respect to their solubility under
various test conditions of flow-rate. The surfaces were analyzed using scanning electron microscopy (SEM), energy dispersive spectrometry (EDS)
and X-ray diffraction techniques. SEM examinations show the formation of various corrosion patterns: porous, gel-like outer layers; precipitation
zones and even, in some cases, no modification of the surface aspect. EDS analyses performed on the fibers, on the fiber surface layers, or on the
deposits show three types of chemical composition: areas enriched in Al, in Ca and P, or in Al, Ca, and P. These surface compositions can be found
for the same type of fiber tested, depending on the flow rate of the solution. Surface changes depend strongly on the initial composition of the glass
and on the test conditions, particularly the flow rate. It is of particular interest to characterize the remaining surfaces (if any) obtained at the end of
the in vitro test run and to compare them with surface analysis of the recovered fibers from the in vivo tests to assess the validity of the in vitro
tests. — Environ Health Perspect 102(Suppl 5):73-75 (1994)
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Introduction

The study of corroded glass fibers recov-
ered from the lungs of test animals after an
in vivo inhalation test is complicated and
very expensive. It is much easier to simulate
the phenomena by immersing the fibers for
variable times in a solution whose composi-
tion is close to that of the physiological
environment. Several solutions have been
proposed (1,2). However, the experimental
conditions of the test, irrespective of the
composition of the solution, must be as
close as possible to the natural conditions.
Parameters that may play an important role
include the quantity of tested fibers, the
dispersion of the fibers in the solution, and
the flow rate of the solution around the
fibers (3). In this study, solution flow rates
have been varied.

Experimental Methods

Different glass fibers, whose compositions
are given in Table 1, have been investi-
gated. The samples C3, CM25, CM38,
and CM44 were obtained by the TOR
process, with a mean diameter of about
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1 pm. MMVF 10, 11, 21, and 22 were
prepared by Manville from industrial glass
fibers; they also have a mean diameter of
about 1 pm (MMVF 11 is a C3 type com-
position). Experimental conditions of the
corrosion tests have been described by
Scholze and Conradt (4) and are summa-
rized as follows: mass of glass = 0.2 g; flow
rate of the solution = 40, 300, and
1600 ml/day; solution buffered at pH 7.6;
and test times of 42 days (28 days for some
samples).

After reaction, the fibers were removed
from the filter, rinsed in pure water and in
ethanol, and then dried. The fluid collected

was chemically analyzed, and the quantity
of silica was used to evaluate the corrosion
rate. We focused on the modifications of
the surface of the fibers in terms of both
morphology and chemical composition.

The morphology of the fibers has been
characterized by scanning electron
microscopy (SEM) after the samples have
been covered by a conducting layer (gener-
ally carbon, but sometimes gold, when the
only interest is in obtaining morphological
information).

The composition of the surface of the
fibers was evaluated by energy dispersive
spectroscopy (EDS). The technique is suit-

Table 1. Composition (wt-%) of the glasses used in this study.

3 CM25  CM38  CM44  MMVFI0  MMVFI1  MMVF21  MMVF22
Sio, 650 650 620 613 575 634 462 384
S0, 025 017 020 004 0.12 033 023 181
Fe0, 017 006 0.6 008 007 025 70 03
AQ, 34 20 015 10 5.1 39 130 106
a0 70 78 160 67 75 75 16.9 375
Mg0 30 33 30 27 41 28 93 99
Na0 158 158 152 155 150 155 26 04
K0 07 04 01 07 11 13 13 05
BO, 45 43 32 10 88 45
To, 02 01 30 05
PO, 12 10 02
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Table 2. Energy dispersive spectrometry (EDS) analysis of fibers in wt-%.

NaQ Mg0 ALO, si0, S0, K0 ca0 PO, cl Fe0,  Ti0,

Accuracy, % 15 15 20 10 30 30 10 15 30 30 30

C3 unlixivied 172 35 37 656 <02 12 84 <02 <02

“ lixivied 40 mi/day 149 31 6.6 685 0.2 08 56 03 02

“ lixivied 1600 ml/day 17 31 56 534 10 0.7 148 93 05

CM25 unlixivied 180 32 28 66.7 <02 0.7 19 06 0.2

“ lixivied 40 ml/day 90 13 100 743 05 04 24 0.7 14

" lixivied 1600 ml/day 85 35 55 419 08 06 221 16.0 0.6

CM38 unlixivied 184 34 04 614 <02 07 150 0.6 <0.2

“ lixivied 40 ml/day 25 13 14 224 0.7 0.2 410 304 0.2

“ lixivied 1600 ml/day 33 49 03 16 02 02 50.8 372 16

CM44 unlixivied 205 29 14 65.1 10 06 71 12 <01

“ lixivied 40 ml/day 83 22 13 720 05 0.2 98 56 02

“ lixivied 300 mi/day 50 24 29 64.0 04 02 141 106 02

“ lixivied 1600 ml/day 49 47 25 137 05 0.1 405 314 1.7

MMVF10 unlixivied 16.1 49 50 62.0 <02 15 103 03 <02 <0.2

“ lixivied 40 ml/day 163 09 128 66.2 02 03 08 05 20 <02

“ lixivied 300 mi/day 88 22 109 72.1 <02 02 45 03 02 02

* lixivied 1600 ml/day 18 26 127 485 02 0.1 28 19 02 02

MMVF11 unlixivied 16.6 29 32 66.8 <02 16 8.7 <02 <02 <02

“lixivied 40 ml/day 177 25 71 639 03 09 43 09 24 <02

“ lixivied 300 ml/day 139 28 6.3 68.9 02 09 6.3 02 02 02

“ lixivied 1600 ml/day 48 26 85 539 02 03 140 89 02 05

MMVF21 unlixivied 45 10.0 135 422 0.2 14 152 05 <02 10.1 25

“ lixivied 40 mi/day 6.2 3.0 125 421 03 10 15.7 0.7 02 95 29

“ lixivied 300 ml/day 34 96 134 439 <02 1.1 16.0 0.3 <02 94 28

“ lixivied 1600 ml/day 35 94 132 423 <02 12 164 06 <02 104 29

MMVF22 unlixivied 10 82 8.0 36.7 14 05 441 <02 <02 <02 <02

“ lixivied 40 ml/day 24 76 13 400 09 04 322 40 <02 12 0.2

“ lixivied 300 ml/day 19 85 123 430 12 03 306 17 <02 <02 05

“ lixivied 1600 ml/day 18 59 148 522 06 04 212 15 <02 10 0.7
. Results The morphological form (form 1) is

:}bl; for Ihls problem, %‘i“’ bic'al}‘ls‘f local- ) characterized by a decrease of every element

1zed analyses are possible, which is very  Morphological Aspects except Si and Al, which may increase, by

important, considering the size of the fibers
and of the deposits. Second, although the
thickness analyzed (about 1 pm) is large, it
is acceptable if the thickness of the cor-
roded layer is in the scale of 0.1 to 1 pm.
However, the composition obtained is
often an average between the deposits (or
the corroded layer) and the underlying
glass.

The technique has some disadvantages,
however, the most important being the
impossibility of detecting boron in glass.
Boron is a major constituent of most glass
fibers and may play a key role in the corro-
sion mechanism. Due to the shape of the
samples, which makes curvature radius a
key parameter, the reproducibility is poor
(10-20% for major elements), but by
repeating the analyses, which takes less
than 2 min each, the lack of reproducibility
can be overcome.

After every corrosion test, a set of three
samples was taken to improve the reliabil-
ity, since the mass analyzed from ten points
is only about 2.5 x 107" g, which is very
low compared to the sample of 0.2 g.
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Whereas untested fibers are always perfectly
smooth, with the exception of some dusts,
corroded fibers often have a perturbed sur-
face which may present several morpholo-
gies. For example, there may be a relatively
uniform layer, with many cracks (for
instance C3, CM25, MMVF 10 and 11 at
low flow rate) (Figure 1A4). Alternatively,
there may be many deposits (thickness of
about 0.2 pm) either star-shaped or com-
pletely covering the surface of the fibers (for
instance, C3, CM25, MMVF 10 and 11 at
high flow rate (Figure 1B), CM38 and
CM44 regardless of flow rate). The last alter-
native could be that the surface, as was the
case with MMVF 21, remained almost
unchanged regardless of the flow rate.

Analytical Aspect

In parallel with the different morphological
aspects of the corroded glass fibers, different
surface compositions have been observed.

Table 2 presents these as the mean of five to
ten points on each sample.

100%.

In form 2, deposits are always highly
enriched in Ca and P, with the ratio
P,0,/CaO close to that calculated for
apatite. The concentration of P,Oy versus
CaO has been plotted for every point of
CM25 corroded fibers (Figure 2). A similar
curve was obtained for the other fibers pre-
senting deposits.

In form 3, MMVF 21 fibers, which seem
uncorroded from the SEM images, always
have the same composition as the untested
fibers. This means that the dissolution is
congruent or very low.

Very often forms 1 and 2 may be
observed at the same time with a relatively
uniform layer enriched in Al and deposits
containing Ca and P.

Discussion

There seem to be three main corrosion
mechanisms for the glass fibers investi-
gated. The first is the formation of a silica
gel layer containing a high concentration of

ALO,, and probably some Na,O. This cor-
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Figure 1. A SEM secondary electron images of fibers CM25 lixivied at 40 ml/day. B, Lixivied at 1600 mi/day).

rosion is classic for soda-lime glass corroded
in water (5,6). The concentration of Al,O,
reaches a level of about 15 to 20% in
weight, so that, as the corrosion progresses,
the thickness of this layer increases. The sil-
ica gel layer is always reorganizing itself as
the corrosion progresses. The second corro-
sion mechanism is the formation of
deposits containing CaO and P,O, with a
composition close to apatite, although X-
ray diffraction patterns performed on fibers
with large amounts of Ca-P deposits are
characteristic of noncrystalline solids. The
third mechanism is a congruent dissolu-
tion. In this case, one cannot see any
change in the surface composition com-
pared with the initial composition. It is
impossible, from the point of view of the
surface composition, to distinguish a con-
gruent dissolution from the absence of cor-
rosion. MMVF 21 fibers are an example;
but in this case, analyses of Si in the solu-
tion do show that Si dissolution takes place
at a low rate and of the same order of mag-
nitude as with MMVF 22, where there is a
modification of the surface composition. It
must be assumed that MMVF 21 fibers
present a congruent dissolution, within the
limits of the analytical technique.

Very often the first two mechanisms are
visible at the same time on the same sam-
ple. The factors determining this type of

corrosion mechanism are not clear. A high
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corrosion rate, however, is often associated
with the formation of Ca-P deposits, as
with CM 25 fibers, where these deposits
are observed only at high flow rate, corre-
sponding to a higher corrosion rate (Table
2). Similarly, compositions with high level
of CaO or P,O;, which often correspond to
a high corrosion rate, easily lead to the for-
mation of Ca-P deposits. The presence of
P,O; in the glass composition, however, is
not necessary to form such deposits. C3
fibers, for instance, which have no P,0,,
form Ca-P deposits at a high flow rate.

It is difficult to understand why
increasing the flow rate results in Ca-P
deposits. Increasing the flow rate increases
the corrosion rate, but also decreases the
concentration of Ca and P in the solution,
to the extent that there are Ca and P in the
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Figure 2. Variation of P,0; versus Ca0 from EDS analysis
of CM25 lixivied fibers (in wt-%).

fibers. The solubility product of apatite is
not reached more easily at a high flow rate,
so there must be other factors to explain
this phenomenon. It is possible that there is
a boundary layer that is not affected by
flow rate variations; or, alternatively, flow
rate variations may affect the rate of nucle-
ation.

Conclusion

We have shown that the flow rate during
in vitro corrosion tests of glass fibers greatly
influences not only the corrosion rate,
which increases with increased flow rate,
but also, very often, the corrosion mecha-
nism. For instance, C3, CM 25, MMVF
10 and 11 fibers show a relatively uniform
surface layer, mainly rich in SiO, and AL, O,
at a low flow rate, but the same fibers form
fine Ca-P deposits on their surface at a high
flow rate. However, more soluble glasses
(CM 38 and CM 44) always lead to the
formation of such deposits, regardless of
the flow rate (ranging from 40 ml/day to
1600 ml/day). There are no Ca-P deposits
on fibers of low silica solubility (MMVF 21
and 22), whatever the flow rate.

These results show the importance of
knowing the corrosion mechanism of fibers
found in 77 vivo tests so that we can adjust
the experimental conditions to achieve a
comparable mechanism in the in vitro tests.
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